Taxanes have a broad spectrum of activity against various human cancers, including melanoma. In this study, we have examined the molecular mechanism of docetaxelinduced apoptosis of human melanoma. We report that docetaxel induced varying degrees of apoptosis in a panel of melanoma cell lines but not in normal fibroblasts.
Introduction
The treatment of patients with metastatic melanoma continues to be a therapeutic challenge, and their prognosis is very poor. This is largely due to its unresponsiveness to conventional chemotherapeutic and biological reagents, which has been attributed to development of resistance to apoptosis (1 -3) . Understanding and overcoming resistance mechanism(s) of melanoma to apoptosis would therefore facilitate identification of new therapeutic targets and development of new treatments (4 -6) .
Taxanes, such as paclitaxel and docetaxel, represent an important class of anticancer agents that have anticancer effects in vitro and in vivo against cancers of lung, ovaries, breast, leukemia, and malignant melanoma (7) . They were isolated from the bark of the American yew (Taxus brevifolia) and later synthesized from the foliage and seeds of European yew (Taxus baccata). Initially, taxanes were described as antimitotic agents that bind to h-tubulin, resulting in block of the cell cycle at the G 2 -M phase and apoptosis of cells (8, 9) . When given as a single agent, taxanes have produced low response rates (3.3 -17%) in patients with melanoma. In some patients, taxanes were associated with prolonged duration of disease control. Higher response rates were seen (12 -41%) when taxanes were given in association with other anticancer agents, such as temozolomide, dacarbazine, cisplatin, carboplatin, or tamoxifen (10, 11) .
Chemotherapeutic agents in general are believed to induce apoptosis through the intrinsic mitochondrial pathway via release of apoptogenic proteins such as cytochrome c and second mitochondrial-derived activator of caspase/direct inhibitor of apoptosis -binding protein with low isoelectric point (Smac/DIABLO; refs. 12 -16 ). In one model of apoptotic regulation, apoptotic stimuli such as damage to DNA or the cytoskeleton, or interaction of cells with death-inducing ligands such as tumor necrosis factor -related apoptosis -inducing ligand (TRAIL), induce activation of proapoptotic BH3-only ''sensor'' proteins of Bcl-2 family, such as Noxa, PUMA, Bim, and Bid. The sensor proteins are believed to bind to the antiapoptotic Bcl-2 family members and promote binding of the multidomain proapoptotic proteins Bax and Bak to the mitochondrial outer membrane, where they initiate changes in mitochondrial membrane potential (17, 18) .
The biochemical pathways initiated by taxanes that lead to cell death are poorly understood and seem to vary between different types of cancer. Lymphoma cells treated with paclitaxel were reported to undergo death receptor -independent activation of caspase-8, which set up a mitochondrial amplification loop (8, 19) . Studies on another lymphoblastic cell line implicated death receptorindependent activation of caspase-10 as the key event in paclitaxel-induced apoptosis (20) .
In the present study, we examined the apoptosisinducing potential of docetaxel in cultured melanoma cell lines and explored the biochemical pathways involved. The results indicate that apoptosis was caspase dependent and was mediated through the mitochondria. Activation of caspase-2 seemed to be the initiating event, whereas activation of caspase-8 was a delayed event resulting from activation of caspases.
Materials and Methods

Cell Lines
Human melanoma cell lines Me4405, Me1007, IgR3, Mel-FH, Mel-RM, Mel-CV, Mel-AT, SK-mel-28, SK-mel-110, and MM200 have been described previously (21) . The cell lines were cultured in DMEM containing 5% FCS (Commonwealth Serum Laboratories, Melbourne, Australia).
Antibodies and Other Reagents Docetaxel (Taxotere) was kindly provided by Aventis Pharma SA (Antony, France). Docetaxel was stored as a 100 mmol/L solution in absolute ethanol at À80jC and diluted with the DMEM before use. Recombinant human TRAIL was supplied by Immunex (Seattle, WA). The rabbit polyclonal antibodies against caspase-2, caspase-3, caspase-8, and caspase-9, and the mouse monoclonal antibodies against cytochrome c and poly(ADP)ribose polymerase (PARP) were purchased from PharMingen (Bioclone, Marrickville, Australia). The rabbit polyclonal anti-Bax against amino acids 1 to 20 was purchased from Upstate Biotechnology (Lake Placid, NY). Propidium iodide was purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). The cellpermeable pan-caspase inhibitor Z-Val-Ala-Asp(OMe)-CH2F (z-VAD-fmk); the caspase-3 -specific inhibitor Z-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-CH 2 F (z-DEVDfmk); the caspase-9-specific inhibitor Z-Leu-Glu(Ome)-HisAsp(Ome)-CH 2 F (z-LEHD-fmk); the caspase-8 -specific inhibitor Z-lle-Glu(Ome)-Thr-Asp(Ome)-CH 2 F (z-IETDfmk); the caspase-2-specific inhibitor Z-Val-Ala-Asp(OMe)-Val-Ala-Asp(OMe)-CH 2 F (z-VDVAD-fmk); the mouse anti-Bak Ab-1 antibody; the caspase substrates z-VDVAD-AFC, z-DEVD-AFC, z-IETD-AFC, Ac-LEHD-AFC, to measure caspase-2, caspase-3, caspase-8, and caspase-9 activities, respectively; and the p53 inhibitor 2-(2-imino-4,5,6,7-tetrahydrobenzothiazol-3-yl)-1-(4-methylphenyl)ethanone (QB102) were purchased from Calbiochem (La Jolla, CA).
Apoptosis Quantitation of apoptotic cells by measurement of sub-G 1 DNA content using the propidium iodide method was carried out as described elsewhere (22) . Quantitation of apoptotic cells by Annexin V staining was carried out as described previously and according to the manufacturer's instructions (23) .
In studies using QB102 (Calbiochem), a stock solution of 10 mmol/L was made by dissolving QB102 in DMSO, which was diluted with medium before use. Melanoma cells were pretreated with QB102 at 10 Amol/L for 3 h (24) before adding docetaxel for another 48 h. Cells were then collected and the percentage of apoptotic cells was determined using the propidium iodide method in flow cytometry.
Flow Cytometry
Immunostaining on intact and permeabilized cells was carried out as described previously (23) . Analysis was carried out using a Becton Dickinson (Mountain View, CA) FACScan flow cytometer. The percentage of antigenpositive cells was calculated as the difference in positive area between the positive and negative control histograms. The positive area was that to the right of the intersection of the two curves (22) .
Mitochondrial Membrane Potential (#y m ) Tumor cells were seeded at 1 Â 10 5 per well in 24-well plates and allowed to reach exponential growth for 24 h before treatment. JC-1 staining was done according to the manufacturer's instructions (Molecular Probes, Eugene, OR). Briefly, adherent cells and nonadherent cells were collected and washed with PBS. Cells were then incubated with 10 Ag/mL of JC-1 in warm PBS at 37jC for 15 min. After washing with PBS, the cells were analyzed using a FACScan flow cytometer (Becton Dickinson, Sunnyvale, CA). Cells with polarized mitochondria presented in the upper-right quadrant of the dot plot due to the formation of JC-1 aggregates, which emit orange fluorescence (590 nmol/L) when excited at 488 nmol/L. Cells with depolarized mitochondria emit green fluorescence (530 nmol/L) and are visualized in the lower-right quadrant in the dot plot (25) .
Western Blot and Protein Expression Analysis
The protein content of cell extracts was determined by the Bradford assay (Bio-Rad, Regents Park, NSW, Australia). A total of 20 to 30 Ag of protein were electrophoresed on 10% to 15% SDS-PAGE gels and transferred to nitrocellulose membranes. Membranes were blocked, incubated with primary antibodies at the appropriate concentration, and subsequently incubated with horseradish peroxidaseconjugated goat anti-rabbit IgG or goat anti-mouse IgG (1:3,000 dilutions; Bio-Rad). Labeled bands were detected by Immun-Star horseradish peroxidase chemiluminescent kit, and images were captured. The intensity of the bands was quantitated with the Bio-Rad VersaDoc image system (Bio-Rad). The relative expression of certain protein was determined by dividing the densitometric value of the test protein by that of the control [glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or actin].
Caspase Activity Assay The caspase substrates z-VDVAD-AFC, z-DEVD-AFC, z-IETD-AFC, and Ac-LEHD-AFC were used to measure caspase-2, caspase-3, caspase-8, and caspase-9 activities, respectively. Briefly, after incubation with docetaxel at 20 nmol/L for different time intervals, both the floating and adherent cells were collected, washed twice in ice-cold PBS, and lysed in 100 AL of caspase lysis buffer [25 mmol/L HEPES (pH 7.5), 5 mmol/L EDTA, 5 mmol/L MgCl 2 , 10 mmol/L DTT, 10 Ag/mL each of pepstatine and leupeptin, 0.5% Triton X-100, and 2 mmol/L phenylmethylsulfonyl fluoride]. Cells were kept on ice for 15 to 20 min with occasional mixing. The lysate was then centrifuged at 15,000 Â g for 20 min at 4jC. Protein concentration of the supernatant was determined using the Bradford method (bicinchoninic acid protein assay reagent). Subsequently, 40 Ag of sample were diluted into a final volume of 200 AL with the assay buffer (50 mmol/L HEPES, 10% sucrose, 0.1% CHAPS, and 10 mmol/L DTT) containing the fluorogenic caspase substrate at a final concentration of 100 Amol/L and incubated for 1 to 2 h in a 96-well plate at 30jC. The generation of free AFC was determined by fluorescence measurement using Fluostar OPTIMA (LABTECH, Offenburg, Germany) set at an excitation wavelength of 400 nm and an emission wavelength of 505 nm.
Plasmid Vector and Transfection Stable Mel-RM transfectants of Bcl-2 were established by electroporation of the PEF-puro vector carrying human Bcl-2 provided by Dr. David Vaux (Walter and Eliza Hall Institute, Melbourne, Victoria, Australia) and described elsewhere (26) .
Preparation of Mitochondrial and Cytosolic Fractions
Methods used for subcellular fraction were similar to the methods described previously (22) .
SiRNA-Mediated Silencing of Caspase-2, Noxa, and PUMA Cells were transfected in six-well plates with caspase-2 -, Noxa-, or PUMA-specific or nontarget control small interfering RNA (siRNA) constructs (Dharmacon, Lafayette, CO) for 24 h according to the manufacturer's protocol. The construct used was the siRNA SMARTpool caspase-2, Noxa, or PUMA. Cells were transfected with 100 nmol/L of the above siRNA using LipofectAMINE (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. Following silencing, cells were treated for another 24 or 48 h with or without docetaxel at 20 nmol/L, and apoptotic cells were quantified by the propidium iodide method in flow cytometry. Efficiency of RNA interference was assessed by immunoblotting.
Statistical Analysis Data are expressed as mean F ISE. The statistical significance of intergroup differences in normally distributed continuous variables was determined using Student's t test. P values >0.05 were considered statistically significant.
Results
Docetaxel-Induced Apoptosis of Melanoma Cells
We examined the apoptosis-inducing potential of docetaxel in melanoma cells by treating two melanoma cell lines, IgR3 and MM200, with a range of docetaxel concentrations as follows: 0, 1, 2. Figure 1B indicates that apoptosis of IgR3 cells was detected after 3 h of treatment and peaked at 36 to 48 h. This concentration seems clinically relevant based on the reported plasma concentration of docetaxel in patients treated with docetaxel (27) .
Dual staining with Annexin V and propidium iodide shown in Fig. 1C indicated that reactivity with Annexin V preceded the staining with propidium iodide, consistent with induction of apoptosis rather than necrosis. For example, only 4.2% of the sensitive IgR3 cells stained with propidium iodide alone at 48 h. A summary of studies of docetaxel on a panel of melanoma cell lines is illustrated in Fig. 1D . TRAIL, known to induce apoptosis in two thirds of melanoma cells (23) , was used as a positive control (200 ng/mL for 16 h). Results showed that there was very little concordance between the degree of apoptosis induced by TRAIL and docetaxel in the melanoma cell lines.
Docetaxel Induces Caspase-Dependent Apoptosis in Melanoma Cells
To assess the role of caspases in docetaxel-induced apoptosis, IgR3 and MM200 cells were pretreated with the pan-caspase inhibitor z-VAD-fmk (20 Amol/L), or specific inhibitors of caspase-2, z-
The inhibitors were added 1 h before adding TRAIL (200 ng/mL) or docetaxel (20 nmol/L) for another 24 and 48 h, respectively. As shown in Table 1 , the pan-caspase inhibitor z-VAD-fmk significantly reduced docetaxel-induced apoptosis. Inhibition of docetaxel-induced apoptosis by the specific inhibitors was most marked with that against caspase-2 and caspase-9 in studies on the sensitive IgR3 melanoma cell line.
Inhibitor of caspase-8 had very little effect. All the inhibitors had a low level of activity against the low killing of the MM200 cell line.
The involvement of caspases in docetaxel-induced apoptosis was further examined by Western blot analysis before and after exposure to docetaxel. The kinetics of caspase activation in the two cell lines is shown in Fig. 2A . In IgR3 cells, cleavage of caspase-2 was evident by 12 h, whereas cleavage of caspase-9 and caspase-3 was evident by 16 h. Cleavage of PARP was evident by 16 h. Activation of caspase-8 was only evident at 24 to 36 h. In MM200 cells, cleavage of caspase-3, caspase-9, and PARP was detectable only at 24 to 36 h. Figure 2A also shows the effect of treatment with docetaxel on X-linked inhibitor of apoptosis expression, which was reported to be cleaved by activated caspase-3 (28) . Reduction in density of the X-linked inhibitor of apoptosis protein bands was evident in the sensitive cell line IgR3 by 16 to 36 h but not in the resistant MM200 cells.
Previous studies suggested that caspase-2 can act upstream of mitochondria and induce cytochrome c and AIF release (29 -31) . To examine whether caspase-2 is required for docetaxel-induced apoptosis, we assessed the kinetics of activation of caspase-2, caspase-8, and caspase-9 and the effector caspase-3 using the caspase fluorogenic substrates z-VDVAD-AFC, z-DEVD-AFC, z-IETD-AFC, and z-LEHD-AFC to measure caspase-2, caspase-3, caspase-8, and caspase-9 activities, respectively (Fig. 2B) . Caspase-2 appeared to be activated first and to a higher degree compared with other caspases at 3 h after treatment of IgR3 cells with docetaxel. Activated caspase-3 correlated well with activated caspase-9. Activation of caspase-8 was delayed and became active after caspase-3 activation, indicating that caspase-8 was unlikely to be an initiator of docetaxel-induced apoptosis.
Docetaxel Activates the Mitochondrial Apoptotic Pathway
To identify the apoptotic pathway being activated in response to docetaxel, we measured the mitochondrial membrane potential in melanoma cells treated with docetaxel for different time periods. Changes in mitochondrial membrane potential were studied using a fluorescent cationic dye 5,5 ¶,6,6 ¶-tetrachloro-1,1 ¶,3,3 ¶-tetraethyl-benzamidazolocarbocyanin iodide, known as JC-1. In healthy cells, JC-1 exists as a monomer in the cytosol (FL1-positive; green) and also accumulates as aggregates in the mitochondria (FL2-positive; red). In apoptotic cells, JC-1 exists exclusively in monomer form and produces a green cytosolic signal (32) . As shown in Fig. 2C , docetaxel induced mitochondrial depolarization detected at 12 h in both IgR3 and MM200 cells and peaked at 48 h. Reduction in mitochondrial membrane potential was at low levels in MM200 cells compared with that in IgR3 cells.
Docetaxel-induced mitochondrial membrane potential changes were further examined by studying the release of cytochrome c and apoptosis-inducing factor (AIF) from the mitochondria to the cytosol in both sensitive and Fig. 2D , cytochrome c and AIF were located exclusively in the mitochondrial fractions before treatment with docetaxel and were released to cytosol after exposure to docetaxel in IgR3 but not MM200 cells. The release of AIF preceded the release of cytochrome c that was delayed up to 16 h after treatment with docetaxel.
Docetaxel Promotes Activation of Bax and Bak
The proapoptotic Bcl-2 family proteins, Bax and Bak, are activated by conformational changes induced by a variety of stimuli (33, 34) and can be detected in permeabilized cells using antibodies that recognize only the activated forms of Bax (35) or Bak (clone Ab-1; ref. 34) . Figure 3A shows a marked increase in the levels of conformationally changed Bax and Bak in IgR3, which started at 6 h for Bax and 12 h for Bak and peaked at 36 h of treatment with docetaxel. In contrast, activated Bax and Bak appeared later in MM200 cells at 24 h, and changes were maximal at 36 to 48 h.
We examined the expression of Bax in different subcellular fractions of IgR3 and MM200 cells with or without exposure to docetaxel. As shown in Fig. 3B , the Bax protein was predominantly located in the cytosol before treatment with docetaxel. In contrast, after treatment with docetaxel for 16 h, Bax was observed in the mitochondrial fractions with corresponding decrease in the levels of expression in the cytosol. This was most evident in the docetaxelsensitive IgR3 cells.
Overexpression of Bcl-2 Inhibits Docetaxel-Induced Apoptosis in Melanoma Cells
To investigate whether the observed mitochondrial dysfunction is required for docetaxel-induced apoptosis, we transfected cDNA encoding Bcl-2 into Mel-RM cells as shown in Fig. 3C . There was a marked increase in the levels of Bcl-2 in the Bcl-2 -transfected cells, but the levels in the cells transfected with the vector alone were similar to those in the parental cells. Apoptosis of melanoma induced by TRAIL, which is known to induce apoptosis of melanoma predominantly through the mitochondrial apoptotic pathway, was almost completely inhibited in the Bcl-2 transfectants. Similarly, the levels of docetaxel-induced apoptosis in Bcl-2 -transfected cells were markedly decreased compared with those in vector alone -transfected cells. As shown in Fig. 3D , docetaxel-induced changes in the mitochondrial membrane potential were reversed in Bcl-2 -transfected cells but not in cells transfected with the vector alone. Similarly, docetaxel-induced caspase-3 activation and Bak conformational changes were inhibited by Bcl-2 overexpression. Docetaxel-induced Bax conformational changes were not affected in Bcl-2 -overexpressing cells. To explore the role of caspase-2 in docetaxel-induced apoptosis, z-VDVAD-fmk, a specific inhibitor of caspase-2, was used. As shown in Fig. 4A , inhibition of caspase-2 significantly impaired mitochondrial membrane potential changes induced by docetaxel and decreased release of AIF (by 49% of that induced by docetaxel alone) and cytochrome c (by 52%) from the mitochondria. Consistent with these results, cleavage of pro-caspase-9, pro-caspase-3, and PARP was markedly reduced after pretreatment with the caspase-2 inhibitor (Fig. 4B) . Caspase-2 seemed to act upstream of activation of the multidomain proteins Bax and Bak. Caspase-2 inhibitor reduced activation of both Bax and Bak and inhibits Bax translocation to mitochondria (Fig. 4C) . Furthermore, inhibition of caspase-2 using a siRNA specific for caspase-2 resulted in a marked inhibition of docetaxel-induced apoptosis (Fig. 4D) .
Docetaxel-Induced Apoptosis Is Independent of p53
Previous studies have shown that caspase-2 may be activated by a complex of a p53-induced death domain containing protein and an adaptor protein RAIDD (36) . In view of this, we examined activation of p53 in IgR3 and MM200 cell lines by Western blots and used an inhibitor of p53 to determine its possible role in docetaxel-induced activation. Our results showed that p53 levels were increased by 16 h in the resistant MM200 cells, but p53 did not undergo significant change in the sensitive IgR3 cells (Fig. 5A ). ME4405 cells do not express p53 but were sensitive to docetaxel (data are not shown). Noxa and PUMA are known targets of p53. Noxa was up-regulated in both cell lines from 6 to 24 h, and PUMA was up-regulated in both cells by 16 h. Knockdown of these proteins individually by siRNA, however, did not decrease docetaxel-induced apoptosis of the sensitive IgR3 line (Fig. 5B) . Combining siRNA for both Noxa and PUMA also did not decrease docetaxel-induced apoptosis (data not shown). To further examine the role of p53, we used QB102, a chemical inhibitor of p53, which is able to inhibit p53-dependent apoptosis by reversible inhibition of both p53 transactivation activity and p53 downstream events (24) . In our studies, QB102 at 10 Amol/L was able to inhibit cisplatin-induced p53 up-regulation and its downstream gene p21 in melanoma cells (data not shown). IgR3, Mel-AT, ME4405, and ME1007 were pretreated with QB102 at 10 Amol/L for 3 h before adding docetaxel for another 48 h. As shown in Fig. 5C , p53 inhibition did not protect melanoma cells against docetaxel-induced apoptosis.
Discussion
In the present study, we show that docetaxel induced varying degrees of apoptotic cell death in a panel of melanoma cell lines but did not induce apoptosis in normal fibroblasts. Apoptosis induced in melanoma cells included those that were resistant to TRAIL, a member of the tumor necrosis factor family that induces apoptosis in about two thirds of melanoma cell lines (23) . In contrast to TRAILinduced apoptosis (22) , docetaxel-induced apoptosis of melanoma proceeded much more slowly (3 -48 h) and seemed to involve activation of caspase-2 as the initiating caspase. This was shown by early activation of caspase-2 compared with other caspases using Western blot and fluorogenic substrate assays for caspase-2, caspase-3, caspase-8, and caspase-9. Moreover, inhibition of caspase-2 by z-VDVAD-fmk or by siRNA knockdown significantly protected melanoma cells from docetaxel-induced apoptosis. Apoptosis seemed to proceed via the mitochondrial pathway, as shown by changes in mitochondrial membrane Figure 5 . Docetaxel-induced apoptosis does not involve p53 activation. A, IgR3 and MM200 cells were treated with docetaxel at 20 nmol/L for the indicated time periods and whole-cell lysates were subjected to Western blot analysis. Docetaxel did not induce changes in p53 protein levels in the sensitive IgR3 cells, whereas p53 and p21 was up-regulated in the resistant MM200 cells. GAPDH blot was included to show that equivalent amounts of protein were loaded in each lane. Representative of two individual experiments. B, down-regulation of Noxa or PUMA expression in IgR3 cells does not affect docetaxel-induced apoptosis. IgR3 cells were transfected with either Noxa-or PUMA-specific siRNA sequence (Dharmacon) for 24 h. Cells were then treated with or without docetaxel for another 16 h and whole-cell lysates were subjected to Western blot analyses (left ), or were exposed to docetaxel for 24 h and assessed for apoptosis using the propidium iodide method (right ). Representative of three individual experiments. Columns, mean of three individual experiments; bars, ISE. C, inhibition of p53 does not protect melanoma cells against docetaxel-induced apoptosis. IgR3, Me1007, and Mel-AT cells were treated with the p53 inhibitor QB102 at 10 Amol/L 3 h before adding docetaxel at 20 nmol/L for another 48 h. Apoptosis was measured by the propidium iodide method using flow cytometry. Columns, means of three individual experiments; bars, ISE.
potential associated with release of AIF and cytochrome c, activation of caspase-9 and caspase-3, and cleavage of PARP. Moreover, docetaxel-induced apoptosis was inhibited by overexpression of Bcl-2 in melanoma cells.
Analysis of changes in the multidomain proapoptotic proteins Bax and Bak by flow cytometry revealed that treatment with docetaxel resulted in conformational changes in both proteins that correlated with the onset of docetaxel-induced apoptosis. These changes were not inhibited by overexpression of Bcl-2, suggesting that they were upstream of the mitochondria. Importantly, inhibition of caspase-2 with z-VDVAD-fmk prevented docetaxelinduced changes in Bax, indicating that changes in caspase-2 were responsible for conformational changes in Bax.
Several previous studies have also suggested that caspase-2 is an apical caspase for stress-induced apoptosis via activation of Bax (29, 37) . The mechanisms involved, however, were not clear. Caspase-2 has a caspase recruitment domain prodomain, which can associate with RAIDD, an adaptor protein containing a caspase recruitment domain and death domain (38) . RAIDD was proposed to interact with PIP1 and thereby to link tumor necrosis factor receptor 1 activation with caspase-2 -mediated apoptosis (38, 39) . More recently, caspase-2 was shown to be recruited to the DISC complex in T and B cells but did not initiate apoptosis mediated through Fas (40). Paroni et al. (41) suggested that caspase-2 was able to trigger mitochondrial dysfunction in response to genotoxic agents, in complex with the p53-induced death domain -containing protein and the adaptor protein RAIDD (36) .
Several of these proposed mechanisms, such as involvement of death receptors, seem unlikely to explain its role in docetaxel-induced killing in that melanoma cells deficient in caspase-8 (Me-1007) or Bid (IgR3) were sensitive to the agent. Mechanisms dependent on activation of p53 also did not seem to be involved as p53 did not undergo significant increases in response to docetaxel in the sensitive IgR3 cells. ME4405 cells, which do not contain p53, were sensitive to docetaxel. Inhibition of p53 activation with QB102, a chemical that reversibly blocks p53-dependent transactivation of p53-responsive genes and inhibits p53-mediated apoptosis (24) , was unable to protect melanoma cells against docetaxel-induced apoptosis. We detected upregulation of the p53-dependent protein Noxa and PUMA, but siRNA knockdown studies of these proteins had no effect on docetaxel-induced apoptosis. Studies on cortical neurons reported cytoprotective mechanisms in which Bax specifically interacted with certain proteins that suppressed Bax translocation. It was proposed that caspase-2 could inhibit this interaction and allow Bax to be relocated to mitochondria (42, 43) .
In summary, docetaxel-induced apoptosis of melanoma cells seems to depend largely on activation of caspase-2, which induces conformational changes in Bax and subsequent events leading to apoptosis. To our knowledge, this is the first study to identify caspase-2 as an important mediator of apoptosis induced by taxanes in melanoma. Whether the same mechanism applies against fresh isolates of melanoma is yet to be determined but if substantiated in such isolates, the present studies may provide valuable insights into the basis for sensitivity or resistance of melanoma to docetaxel. As reported elsewhere, cisplatin induces more rapid apoptosis of melanoma through the mitochondrial pathway (44) . However, apoptosis induced by cisplatin or by vincristine does not involve caspase-2, 1 suggesting that the taxanes induce apoptosis by different mechanism to these drugs. These and ongoing studies promise to provide valuable insights that may assist in more effective use of the taxanes in treatment of melanoma.
